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Abstract 

A  method  of  fuel  circulation  with  a  fixed  amount  of  fuel  was  employed  to  investigate  a  direct  methanol  fuel  cell  (DMFC)  stack  that  was 
built  with  metal  foam  flow  fields  for  the  air  and  fuel  flows.  The  stack  power  output  increases  significantly  with  environmental  temperature 
from  20  to  40  °C.  The  average  peak  power  per  cell  at  40  °C  is  26  mW  cm-2  per  cell.  The  average  discharge  voltage  per  cell  at  peak  power 
does  not  change  with  temperature  but  remains  at  0.3  V.  The  energy  output  of  the  stack  was  determined  at  constant  current  or  constant  voltage 
with  a  fixed  amount  of  methanol  to  feed  the  anode  of  the  stack  until  the  fuel  was  consumed.  The  results  by  constant  current  discharge 
show  that  at  higher  temperature  the  stack  has  remarkably  higher  energy  output;  while  at  the  same  temperature  only  a  suitable  magnitude 
of  discharge  current  can  achieve  the  highest  energy  output.  The  results  by  constant  voltage  discharge  show  that  the  Faradic  efficiency  is 
86%,  and  the  energy  efficiency  is  17%  at  30  °C. 

©  2003  Elsevier  B.V.  All  rights  reserved. 

Keywords:  DMFC;  Fuel  cell  stack;  Stack  design;  Energy  efficiency;  Faradic  efficiency 


1.  Introduction 

Direct  methanol  fuel  cells  (DMFCs),  as  one  type  of 
polymer  electrolyte  membrane  fuel  cells  (PEMFCs),  have 
received  much  attention  [1-9]  due  to  the  high  theoretical 
energy  density  and  using  a  liquid  fuel  that  can  be  stored  and 
transported  safely.  Recently,  research  focused  on  practical 
applications  of  DMFCs,  such  as  portable  power  sources  for 
consumer  electronics.  Several  DMFC  stacks,  or  systems, 
have  been  demonstrated  with  the  power  ranging  up  to  sev¬ 
eral  hundreds  of  watts.  A  practical  power  source  comprising 
fuel  cells  is  usually  composed  of  a  number  of  single  cells. 
Such  a  combination  of  single  fuel  cells  is  called  as  fuel  cell 
stack,  which  provides  higher  voltage,  or  power.  Although 
there  are  a  variety  of  fuel  cell  stacks  with  different  sizes, 
shapes,  materials,  and  power  ranges,  the  methods  to  assem¬ 
ble  single  cells  into  a  fuel  cell  stack  can  mainly  be  classified 
as  bipolar  and  mono-polar  designs  [10].  The  most  conven¬ 
tional  method  of  configuring  fuel  cell  stack  is  a  bipolar  de¬ 
sign,  where  two  adjacent  single  cells  share  one  bipolar  plate 
that  provides  fuel  for  one  cell’s  anode  and  air  for  the  other’s 
cathode.  The  fuel  cell  stack  with  bipolar  design  has  the 
advantages  of  lower  internal  resistance  and  smaller  volume 
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than  that  with  mono-polar  design.  Graphite  materials  are 
commonly  used  in  bipolar  plates.  Complex  flow-channels 
on  both  sides  of  a  bipolar  plate  are  required  for  fuel  and 
air  transfer,  respectively.  The  work  of  fabricating  bipolar 
plates  can  be  a  major  cost  in  a  fuel  cell  stack.  Alternative 
materials  are  sought  for  making  bipolar  plates,  such  as  a 
carbon-carbon  composite  [11,12],  stainless  steel,  and  metal 
alloys  [13-17].  Most  recently,  metal  foams  [18]  and  metal 
meshes  [19]  are  reported  as  possible  materials  for  the  flow 
fields  on  the  bipolar  plates  to  lower  the  cost.  Two  pieces  of 
metal  foam  can  be  conveniently  attached  onto  the  sides  of  a 
metal  sheet  for  the  flow  fields  of  a  bipolar  plate.  Since  little 
is  known  about  the  practical  performance  of  such  fuel  cell 
stacks,  we  carried  out  investigative  work  on  a  DMFC  stack 
with  metal  foam  flow  fields,  by  designing  experiments  in 
such  a  way  that  a  fixed  amount  of  fuel  is  circulated  in  the 
stack  until  the  fuel  is  consumed.  The  method  reported  here 
allowed  us  to  systematically  examine  the  performance  of  the 
DMFC  stack  with  a  metal  foam  flow  field,  and  this  method 
in  general  would  be  suitable  for  other  stack  evaluations. 


2.  Experimental 

A  DMFC  stack  was  used,  in  which  the  anode  flow  field 
was  nickel  foam,  and  the  cathode  flow  field  was  stainless 
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steel  foam  coated  with  a  thin  layer  of  gold.  Each  of  the 
bipolar  plates  in  the  fuel  cell  stack  was  built  by  the  combi¬ 
nation  of  two  different  pieces  of  metal  foam  and  one  piece 
of  mass-separator,  which  separates  the  fuel  from  the  anode 
and  the  oxidant  from  the  cathode  for  two  adjacent  single 
cells.  The  bipolar  plates  have  three  functions,  i.e.  they  pro¬ 
vide  (1)  flow  fields,  (2)  electric  conduction,  and  (3)  serve 
as  mass  separators  between  the  cathode  and  the  anode  for 
two  adjacent  single  cells.  The  membrane  electrode  assem¬ 
blies  (MEAs)  consisted  of  a  Nation  117  electrolyte  mem¬ 
brane,  a  cathode  and  an  anode,  which  were  combined  by 
hot-pressing.  The  cathode  was  unsupported  platinum  black, 
with  a  catalyst  loading  of  4  mg/cm2  pure  Pt.  The  anode  was 
an  unsupported  PtRu  black  (4  mg/cm2  by  total  PtRu).  Car¬ 
bon  cloth  was  used  as  the  gas  and  fuel  diffusion  electrodes 
in  the  stack. 

The  fuel  cell  stack  was  tested  in  a  Tenney  Environmental 
Chamber  (model  no.  BTRC),  which  was  programmed  to 
control  the  temperature.  An  Arbin  battery-tester  BT-2043 
was  used  for  electrochemical  measurements. 

A  1.0  M  aqueous  methanol  solution  was  used  as  fuel, 
and  fed  into  the  anode  with  a  flow  rate  of  200  ml/min.  The 
methanol  solution  was  warmed  to  the  same  temperature  as 
that  inside  the  environmental  chamber  at  the  beginning  of 
each  of  the  experiments.  Compressed  air  was  used  to  feed 
the  cathode  with  an  inlet  pressure  of  3  psi.  The  energy  out¬ 
put  of  the  stack  was  measured  at  constant  current  or  con¬ 
stant  voltage  with  a  measured  amount  of  fuel,  2000  ml  1 .0  M 
methanol,  and  the  discharge  process  was  monitored  contin¬ 
uously  until  the  fuel  was  consumed. 


3.  Results  and  discussion 

3.1.  Polarization  behaviors  and  power  output 

Fig.  1  shows  the  discharge  voltage-current  and  power- 
current  curves  of  a  DMFC  stack  assembled  with  metal  foam 
bipolar  plates.  The  open  circuit  voltage  was  about  21  V  at 
20  °C,  which  increased  with  temperature.  The  highest  open 
circuit  voltage  was  27  V  at  40  °C.  The  stack  voltage  dropped 
sharply  at  the  beginning  of  the  discharge  once  a  small  current 
was  passed,  which  is  a  typical  behavior  of  a  DMFC  because 
of  slow  kinetic  rate  for  methanol  electrochemical  oxidation. 
The  polarization  behavior  of  the  DMFC  stack  can  be  ex¬ 
plained  by  dividing  each  of  these  curves  into  three  regions, 
i.e.,  low,  medium,  and  high  current  regions.  The  polarization 
behaviors  of  the  DMFC  in  the  low  current  region  (less  than 
0.3  A)  are  controlled  by  the  kinetic  rate  of  methanol  oxi¬ 
dation.  In  the  medium  current  region,  the  voltage-current 
curves  are  relatively  straight  due  to  the  Ohmic  controlled 
process.  In  the  high  current  region,  the  voltage-current 
curves  are  depressed  slowly  because  of  slow  mass  transfer 
of  fuel  or  air  molecules  to  the  electrode.  Higher  temperature 
expands  the  part  of  the  Ohmic  controlled  region,  which  im¬ 
plies  that  the  ionic  resistance  of  the  electrolyte  membrane 
decreases  with  increasing  temperature.  The  power-current 
curve  forms  a  peak  at  the  region  of  medium  discharge 
current.  With  increasing  temperature  the  power  output  in¬ 
creases.  The  highest  discharge  power  is  about  30  W  at 
40  °C.  Table  1  summarizes  the  results  of  the  DMFC  stack 
at  different  environmental  temperatures,  and  the  average 


Fig.  1.  Voltage-current  and  power-current  curves  of  a  DMFC  stack.  Anode  flow:  200  ml/min  1.0  M  MeOH;  cathode  flow:  3  psi  air  at  inlet. 
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Table  1 


Summary  of  the  discharge  performance  of  the  DMFC  stacka 


Temperature 

Peak 

power 

Voltage  at  peak 

(°C) 

W 

mW  cm-2 
per  cell 

power  (V  per  cell) 

20 

15.7 

14.0 

0.29 

30 

25.3 

22.5 

0.27 

40 

29.0 

25.8 

0.29 

a  Anode  flow:  200ml/min  1.0  M  MeOH  and  cathode  flow:  3psi  air. 


performance  (mW  cm-2  per  cell)  per  cell  is  also  listed  in  the 
table.  The  average  performance  per  cell  in  the  stack  is  14 
and  25.8  mW  cm-2  per  cell  for  20  and  40  °C,  respectively. 
Although  the  peak  power  of  the  DMFC  stack  varies  signifi¬ 
cantly  with  temperature  or  discharge  current,  the  voltage  at 
the  peak  power  is  almost  constant  at  about  0.3  V. 
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3.2.  Energy  output  at  constant  current 


3.2.1.  Effect  of  discharge  current 

The  energy  output  of  the  DMFC  stack  was  investigated 
by  constant  current  discharge  with  2000  ml  1.0  M  methanol 
until  the  fuel  was  exhausted.  Fig.  2  shows  the  plots  of  dis¬ 
charge  voltage  versus  time  at  20  °C.  During  the  first  hour  of 
the  discharge,  the  curve  of  voltage  versus  time  is  relatively 
flat  even  as  the  methanol  concentration  decreases  with  the 
discharge.  Then,  the  stack  voltage  decreases  slowly,  because 
of  low  methanol  concentration.  Finally,  the  stack  voltage  de¬ 
creases  rapidly  due  to  the  depletion  of  the  fuel.  The  stack 
voltage  is  sensitive  to  the  discharge  current.  With  the  cur¬ 
rent  increased  from  1 .0  to  2.0  A,  the  stack  voltage  decreased 
correspondingly. 

Having  studied  the  power  output  of  the  DMFC  stack 
shown  in  Fig.  1,  we  further  investigated  the  energy  output, 
which  is  the  next  important  characteristic  of  a  fuel  cell  stack. 
The  energy  output  can  be  calculated  from  the  data  of  the 
voltage-time  curves  shown  in  Fig.  2.  Here,  we  describe  a 
method  of  analyzing  energy  conversion  in  the  DMFC  stack 
for  the  operating  condition  of  constant  current  discharge. 
The  discharge  capacity  can  be  expressed  by  Eq.  (1): 


it 

3600 


where  P  (A  h)  is  the  discharge  capacity,  i  (A)  the  discharge 
current,  t  (s)  the  time  of  the  discharge  process.  Because  the 
voltage  is  a  function  of  time,  and  at  any  given  time  the 
capacity  is  also  known  from  Eq.  (1),  we  can  make  a  plot  of 
voltage  versus  capacity,  which  means  that  the  voltage  can 
also  be  written  as  a  function  of  capacity.  Fig.  3  shows  the 
plots  of  the  stack  voltage  versus  capacity  and  the  discharge 
time  versus  capacity.  The  discharge  capacity  increases  with 
time  linearly  due  to  the  constant  current  discharge.  The  stack 
voltage  decreases  with  increasing  capacity  non-linearly.  The 
accumulated  discharge  energy  can  be  obtained  by  integration 


Fig.  2.  Voltage-time  and  energy-time  curves  of  a  DMFC  stack  at  constant 
current  and  20  °C  environmental  temperature.  Total  fuel  amount:  2000  ml 
1.0  M  MeOH;  anode  flow:  200ml/min  1.0  M  MeOH;  cathode  flow:  3psi 
air  at  inlet. 

of  the  area  under  the  voltage-capacity  curve  in  Fig.  3  with 
Eq.  (2): 

E  =  f  v(p)  dp  (2) 

Jo 

where  E  (W  h)  is  the  energy  output  of  the  fuel  cell  stack,  v 
(V)  the  stack  voltage,  and  v(p)  a  function  of  stack  voltage 
versus  capacity. 

The  energy-time  curves  of  the  DMFC  stack  at  constant 
current  discharge  can  be  calculated  using  Eq.  (2),  and  are 
also  shown  in  Fig.  2.  Interestingly,  the  energy  output  varies 
with  the  discharge  current.  In  this  particular  case,  neither  the 
high  nor  the  low,  but  the  middle  level  of  discharge  current 
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Fig.  3.  Voltage-capacity  and  time-capacity  curves  for  a  DMFC  stack  at 
constant  current  (1.5  A)  discharge  at  20  °C.  Total  fuel  amount:  2000  ml 
1.0  M  MeOH;  anode  flow:  200ml/min  1.0  M  MeOH;  cathode  flow:  3psi 
air  at  inlet. 
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gives  the  highest  energy  output.  At  20  °C,  the  use  of  1.5  A 
discharge  current  gave  the  highest  energy  output.  At  the 
endpoint,  where  the  methanol  is  used  up,  the  accumulated 
energy  output  at  1.5  A  is  about  35  Wh  with  2000  ml  1.0  M 
methanol  as  fuel.  Although  the  use  of  1 .0  A  discharge  gives 
longer  discharge  time,  the  accumulated  energy  output  is 
lower  due  to  smaller  integrated  value  of  stack  voltage  versus 
capacity.  The  use  of  2.0  A  discharge  gives  about  the  same 
amount  of  energy  as  that  of  the  1.5  A  discharge,  but  the  dis¬ 
charge  process  is  shorter  due  to  fast  consumption  of  the  fuel, 
leading  to  lower  accumulated  energy  output  at  the  end  of 
the  discharge.  If  the  methanol  concentration  were  kept  the 
same  as  that  of  the  beginning  of,  discharge  for  all  the  time, 
the  energy  output  would  not  be  different  for  1.5  and  2.0  A 
discharge.  Therefore,  only  use  of  an  appropriate  magnitude 
of  discharge  current  can  achieve  the  highest  energy  output 
with  the  method  we  employed  here. 


3.2.2.  Effect  of  the  environmental  temperature 

Fig.  4  shows  the  plots  of  stack  voltage  versus  time  for 
constant  current  (2.0  A)  discharge  at  different  environmen¬ 
tal  temperatures.  With  increasing  temperature  from  20,  30 
to  40  °C,  the  stack  voltage  increases  almost  proportionally. 
Apparently,  higher  temperature  results  in  higher  kinetic  rates 
for  both  catalytic  methanol  oxidation  and  catalytic  oxygen 
reduction,  leading  to  higher  stack  voltage.  In  addition,  higher 
temperature  will  also  increase  the  ionic  conductivity  of  the 
polymer  electrolyte  membrane.  The  amount  of  energy  out¬ 
put  is  calculated  with  Eq.  (2),  and  shown  in  the  same  fig¬ 
ure,  which  increases  with  time  until  the  fuel  is  consumed. 
At  40  °C  the  highest  energy  is  obtained  about  45  Wh  at  the 
endpoint  of  discharge. 

Fig.  5  shows  the  plots  of  stack  voltage  versus  time  at  a 
higher  discharge  current  (3.0  A)  than  that  in  Fig.  4.  With 
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Fig.  5.  Voltage-time  and  energy-time  curves  of  a  DMFC  stack  at  constant 
current  (3.0  A)  discharge.  Total  fuel  amount:  2000ml  1.0  M  MeOH;  anode 
flow:  200ml/min  1.0  M  MeOH;  cathode  flow:  3psi  air  at  inlet. 


increasing  temperature,  the  stack  voltage  and  energy  output 
both  increase  apparently  no  matter  what  level  of  the  dis¬ 
charge  current  is  applied.  However,  as  compared  with  Fig.  4, 
the  stack  voltage  and  the  output  energy  both  are  lower  due 
to  too  high  discharge  current.  Therefore,  for  a  specific  en¬ 
vironmental  temperature  only  an  appropriate  discharge  cur¬ 
rent  can  achieve  the  best  stack  performance  with  the  method 
we  employed  here. 

3.3.  Faradic  efficiency  and  energy  output  at  constant 
voltage  discharge 

A  method  of  constant  voltage  discharge  until  the  fuel  is 
exhausted  was  carried  out  in  order  to  measure  the  possible 
highest  Faradic  efficiency  of  the  DMFC  stack.  Fig.  6  shows 
the  current-time  curves  of  the  DMFC  stack  at  constant 


Fig.  4.  Voltage-time  and  energy-time  curves  of  a  DMFC  stack  at  constant 
current  (2.0  A)  discharge.  Total  fuel  amount:  2000  ml  1.0  M  MeOH;  anode 
flow:  200ml/min  1.0  M  MeOH;  cathode  flow:  3psi  air  at  inlet. 


Fig.  6.  Current-time  and  energy-time  curves  of  a  DMFC  stack  at  constant 
voltage  (8.0  V)  discharge.  Total  fuel  amount:  2000ml  1.0  M  MeOH;  anode 
flow:  200ml/min  1.0  M  MeOH;  cathode  flow:  3psi  air  at  inlet. 
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Fig.  7.  Discharge  capacity-time  and  capacity-current  curves  for  a  DMFC 
stack  at  constant  voltage  (8.0  V)  discharge  at  30  °C.  Total  fuel  amount: 
1.0  M  MeOH,  2000  ml;  fuel  circulation:  200ml/min;  cathode  flow:  3psi 
air  at  inlet. 


voltage  (8.0  V)  discharge  with  2000  ml  1.0  M  methanol.  The 
discharge  current  decreases  slowly  with  time  due  to  fuel  con¬ 
sumption.  After  3  or  4  h  the  discharge  current  has  deceased 
about  80%,  then  a  small  discharge  current  is  maintained  for 
additional  6  or  7h  until  the  fuel  is  fully  used  up.  Higher 
temperature  gives  much  higher  discharge  current  at  the  be¬ 
ginning  of  the  discharge  process. 

Here,  we  describe  a  method  of  analysis  of  energy  con¬ 
version  in  the  stack  for  the  operating  condition  at  constant 
voltage  discharge  (instead  of  the  constant  current  discharge 
described  above).  The  discharge  capacity  can  be  calculated 
using  Eq.  (3): 

p  =  ikoff  <3) 


where  the  current  i(t )  is  a  function  of  time.  Fig.  7  shows  the 
plots  of  discharge  capacity  versus  time  and  discharge  capac¬ 
ity  versus  current  for  the  DMFC  stack  at  constant  voltage 
discharge  (8.0  V)  at  30  °C.  The  discharge  capacity  increases 
with  time,  but  decreases  with  increasing  discharge  current. 
The  capacity-time  curve  is  not  a  straight  line.  This  behavior 
is  very  different  from  that  of  constant  current  discharge. 

The  Faradic  efficiency,  discharge  energy  and  energy  effi¬ 
ciency  of  the  DMFC  stack  can  be  calculated  with  the  fol¬ 
lowing  (Eqs.  (4)  and  (5)): 
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where  77%  is  the  Faradic  efficiency,  n  the  number  of  single 
cells  in  the  DMFC  stack,  V  (1)  the  volume  of  the  methanol 
solution  used  in  the  experiment,  C  (M)  the  concentration 
of  methanol  solution,  F  (C)  the  Faradic  constant,  and  f  the 
energy  efficiency,  i.e.,  the  ratio  of  the  practically  obtained 
energy  from  the  certain  amount  of  fuel  to  the  calculated 
theoretical  energy  from  the  same  amount  of  fuel.  The  other 
parameters  have  the  same  meanings  as  described  in  Eqs.  (1) 
and  (2). 

The  discharge  energy  of  the  DMFC  is  also  shown  in  Fig.  6. 
Even  if  the  distributions  of  energy  versus  time  between  20 
and  30  °C  are  different,  their  accumulated  energy  at  the  end¬ 
point  is  approximately  the  same  (65  Wh).  Higher  tempera¬ 
ture  gives  higher  power  and  energy  output  at  the  beginning, 
leading  to  quicker  consumption  of  the  fuel  than  that  at  lower 
temperature.  The  accumulated  energy  output  at  the  end  of 
the  discharge  time  seems  to  have  no  apparent  relationship 
with  the  temperature  in  the  case  of  constant  voltage  dis¬ 
charge.  Fig.  8  shows  the  Faradic  efficiency  and  energy  effi¬ 
ciency  of  the  DMFC  stack  at  constant  voltage  (8.0  V)  dis¬ 
charge  at  30  °C.  The  final  Faradic  efficiency  at  the  end-point 
of  discharge  is  about  86%,  which  implies  that  the  problem 
of  fuel  crossover  through  the  electrolyte  membrane  can  be 
limited  as  long  as  the  discharge  current  is  high  enough,  or 
the  discharge  voltage  is  low  enough.  However,  the  energy 
efficiency  is  affected  by  more  factors,  i.e.,  the  Faradic  effi¬ 
ciency,  the  discharge  voltage  and  the  number  of  cells  in  the 
stack,  which  is  determined  by  Eq.  (6).  In  addition,  the  fac¬ 
tors  of  Faradic  efficiency  and  energy  efficiency  are  both  af¬ 
fected  by  experimental  conditions,  such  as  temperature  and 
pressure.  Generally,  the  energy  efficiency  is  much  smaller 
than  the  Faradic  efficiency  for  DMFC  stacks  or  systems  due 
to  large  voltage  loss.  Although  the  Faradic  efficiency  is  high 
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Fig.  8.  Energy  efficiency  and  Faradic  efficiency  of  a  DMFC  stack  at 
constant  voltage  (8.0  V)  discharge.  Total  fuel  amount:  2000  ml  1.0  M 
MeOH;  anode  flow:  200ml/min  1.0  M  MeOH;  cathode  flow:  3psi  air  at 
inlet. 
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in  Fig.  8,  the  final  energy  efficiency  is  only  about  17%  for 
constant  voltage  discharge  at  8.0  V  and  30  °C. 

4.  Conclusion 

The  DMFC  stack  with  a  metal  foam  flow  field  design  per¬ 
formed  well  at  temperatures  from  20  to  40  °C.  The  method 
of  fuel  circulation  with  fixed  fuel  amount  was  used  suc¬ 
cessfully  to  determine  the  Faradic  efficiency,  energy  den¬ 
sity  and  energy  efficiency  for  the  DMFC  stack.  The  average 
power-output  per  cell  at  40  °C  is  about  26mWcm~2  per 
cell.  About  86%  Faradic  efficiency  was  achieved  at  constant 
voltage  discharge  until  the  fuel  was  consumed. 
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